Introduction: Hybrid constructs combining cultured bone marrow stromal cells (BMSCs) with porous scaffolds are expected as alternatives to autologous bone grafts. To provide preferable environments for seeded BMSCs, a construct was devised which utilized autologous plasma (AP). The goal of this construct was that the fibrinogen contained in AP would support migration and differentiation of BMSCs and angiogenesis by forming fibrin networks [1], and nutrients in AP would aid the survival and proliferation of BMSCs. The purpose of this study is to investigate the usefulness of AP/BMSC/porous scaffold constructs and to elucidate the effects of plasma on bone formation using a bone formation model in nonhuman primate extraskeletal sites.
Materials and Methods:
All animal procedures were performed in accordance with the guidelines of Tokyo Medical and Dental University for the care and use of laboratory animals. Cynomolgus monkeys were anesthetized by intramuscular injection of ketamine hydrochloride and medetomidine hydrochloride, and were continuously bred without sacrifice. [Isolation and culture of BMSCs] BMSCs from each monkey, obtained by culture of bone marrow aspirates, were exposed for three days to osteogenic medium including 100 nM dexamethasone, 50 μg/ml Lascorbic acid phosphate magnesium salt n-hydrate, and 2 mM β-glycerophosphate, and were then used for implantation. [Porous scaffolds] Porous β-tricalcium phosphate (TCP) blocks (Osferion ® , Olympus Co., Japan) used in this study had dimensions of 5 mm×5 mm×5 mm and a porosity of 75%, with macropore sizes ranging from 200 to 400 μm.
[Preparation and implantation of BMSC/β-TCP constructs] AP was prepared by centrifugation of venous blood from each monkey, which was harvested with citrate phosphate dextrose solution as an anticoagulant. BMSCs were suspended in culture medium (CM) or AP at three concentrations, 2×10 6 , 2×10 5 , or 2×10 4 cells/ml. Cell suspensions were seeded into porous β-TCP cubes using the "spontaneous penetration under low pressure (SPUL)" method [2]; briefly, porous blocks were set in a closed chamber and the air was aspirated to 50 mmHg. Next, the cell suspension was infiltrated into the blocks, and finally the chamber valve was opened to release the low pressure. For BMSC/β-TCP constructs using CM (M-groups), constructs were incubated for three hours after the introduction of cell suspension to allow cell attachment. For AP/BMSC/β-TCP constructs (P-groups), immediately after CaCl 2 solution was added to the cell suspension to initiate gelation of plasma, it was also introduced into the porous blocks and incubated for a few minutes to allow gelation to occur. Prepared constructs were implanted into the intramuscular tissue of monkeys and harvested at five weeks (experiment-1, Table 1A ). To elucidate the effect of fibrinogen concentration and nutrients in plasma on bone formation (experiment-2), five groups of BMSC/β-TCP constructs were combined with several concentrations of fibrinogen (BOLHEAL ® , Teijin pharma limited, Japan), autologous serum, or phosphate buffered saline (PBS), made as shown in Table 1B . Before preparation of constructs, the fibrinogen concentration in monkey venous blood was confirmed to be approximately 4 mg/ml. These constructs were implanted intramuscularly and harvested at three and five weeks. Table 1 . Experimental groups, experiment-1 (A) and -2 (B).
[Histological and histomorphometric examination] The decalcified implants were embedded in paraffin blocks, each sectioned at 5 μm thickness with five sections at equal intervals derived from one block. These sections were stained with hematoxylin and eosin. For quantification of newly formed bone, the area of bone formation was measured using computer software. Bone formation area (BFA) was defined as the ratio of newly formed bone per an entire sectional area, averaged over five sections.
[Statistics] A paired t-test (experiment-1) and Tukey-Kramer test (experiment-2) were used to assess differences, and a value of p<0.05 was considered statistically significant.
Results: In histology, the extent of bone formation was reduced in both groups according to the decrease in cell concentration, however, these influences were less in P-groups. The BFAs of P-groups were significantly higher than those of each concentration in the M-groups. The influence of the decreasing number of cells was less in P-groups than in M-groups, though BFAs were cell concentration-dependent in both groups (Fig. 1A) . [Experiment-2] At three weeks, the 4S-and 1S-groups showed bone formation with many blood vessels at the entire peripheral area, whereas there was less bone formation in the 4P-, 0S-, and 16S-groups. At five weeks, bone formation in the central area was less in the 4P-, 0S-, and 16S-groups, while there was newly formed bone in the whole area in the 4S-and 1S-groups. BFA was significantly higher in the 4S-group than the 4P-, 0S-, or 16S-groups at three weeks (Fig. 1B) . At five weeks, there was no significant difference among all five groups. Discussion: This study demonstrated the usefulness of an AP/BMSC/β-TCP construct for bone formation in a non-human primate experimental model. From the results of experiment-1, this construct required only one-tenth the number of cells as compared to conventional BMSC/β-TCP constructs using CM. This finding suggests that the matrix formed by plasma offered a preferable environment for BMSC activities. Experiment-2 revealed that enhanced osteogenesis and angiogenesis in BMSC/β-TCP constructs, especially at early stage, depended on both the fibrin network formed from physiological concentration of fibrinogen (4 mg/ml) and nutrients in plasma, although fibrin showed biphasic effects depending on its concentration. Although further studies will be necessary to elucidate the detailed mechanism of enhanced bone formation, the easily prepared AP/BMSC/β-TCP construct is useful for efficient bone regeneration. 
